This paper presents a review of available evidence of higher than expected crack growth rates obtained under variable amplitude loading, and explanations for such behaviour. New findings based on fatigue tests performed using 6082 T651 aluminium alloy under a simple loading sequence that was expected to cause crack growth acceleration are presented. Crack propagation was monitored using both optical and the direct current potential drop (DCPD) method. In addition, electrical resistance strain gauges were used to detect the presence of crack closure. Scanning electron microscopy was also performed to correlate observed striations on the fracture surfaces with applied load sequences. 
Introduction
It is well known that fatigue crack growth under variable amplitude loading (VAL) can be faster or slower than found by linear summation of the damage expected from constant amplitude loading (CAL) data, the basis of Miner's rule. The former is of particular concern since it results in shorter lives than predicted by Miner's rule. Both effects are thought to reflect stress interaction effects whereby the damage due to one stress cycle is affected by the stress cycle(s) that precede it. Published attempts to understand stress interaction effects have utilised simple VAL with two magnitudes of applied stress range, as summarised in Table 1 . Of these, spectra (h) and (j) produced the most significant increase in crack growth rate compared with that expected from CAL data. In the case of spectrum (h), crack growth acceleration in both 2024-T3 aluminium and Ti-6Al-4V alloys was attributed to strain hardening, whereby the high crack tip strain from the large increase in stress reduces the deformation capability in subsequent stress cycles [1] . Strain hardening, crack closure levels and crack tip blunting were considered in [2] as factors causing similar crack growth acceleration in a laboratory Al alloy but none could be recognised as the main cause.
Some tests performed involving spectrum (j) showed no effect of the stress change [3] . This is surprising since similar loading has been found to produce significantly shorter lives than predicted by Miner's rule in endurance tests of welded joints [4, 5, 6] . Other crack growth tests, on both Al alloy and steel, did show a strong stress interaction effect in that, periodic underloads (one underload cycle to every ten minor cycles) caused crack propagation rates typically 1.8 times faster than expected for CAL [7] . Again various causes were investigated but no single explanation was found. [ 8, 9, 10, 11, 12, 13] b) Multiple peak overload Similar to that of single peak overload. [8, 10] c)
Step change down Immediate reduction in da/dN with no initial acceleration. [11, 14] d)
Step change up
Step increase in growth rate higher than standard CA, followed by gradual reduction to standard rate. [14, 15] e) Low-High overload Similar behaviour to a single peak overload, but with less retardation. [9, 11, 13, 16] f) High-low overload Reduced overload effect compared with single peak overloads. [1, 9, 11, 13, 15] g)
Step change of S mean down Abrupt decrease in da/dN, greater effect than that of a single peak overload. [1, 2, 11, 14] h)
Step change of S mean up
Immediate increase in da/dN to a higher than expected rate. [1, 2] j)
Step change constant K max
No transient effect.
Immediate increase in da/dN. Greatest effect found with a ratio of 10:1 (major to minor cycles). [3, 7, 17] In view of this, it would seem appropriate to consider further the application of spectrum (j) and investigate the associated mechanisms leading to fatigue crack acceleration. In industry, many examples of load histories involving cycling down from a reasonably constant tensile stress actually experienced by a range of engineering components or structures were cited by Fleck [7] .
Therefore, in this paper the crack growth response to periodic underloads, as measured in a medium strength aluminium alloy, is presented and the mechanisms which cause accelerated growth are evaluated.
Experimental Details

Material and test specimen
The tests were performed on 6mm thick BS EN 485 aluminium alloy 6082 T651with the chemical composition and mechanical properties given in Tables 2 and 3 . Centre-crack tension (CCT) specimens, 600mm long by 116mm wide, were used. The longest dimension was parallel to the rolling direction of the material. The notch was produced by electro discharge machining (EDM). Its dimensions (16mm long, 1mm high and a tip with a radius <0.25mm), were in accordance with BS ISO 12108:2012 [18] .
Fatigue testing
Tests were carried out under computer control in a 600kN capacity UKAS-calibrated servo-hydraulic fatigue testing machine in ambient air. Each specimen was tested under load control and at a test frequency of 10Hz for CAL and an average frequency of 3.5Hz for VAL. The direct current potential drop (DCPD) technique was used for monitoring crack propagation.
2.3
Constant amplitude loading
A series of CA tests was performed to establish the number of cycles to failure, for comparison with the VAL test results. In each test the applied load cycled down from a constant maximum tensile stress of 74N/mm 2 , at a stress range Δσ of 31N/mm 2 , giving a stress ratio R=0.57. The length of the fatigue crack, 2a, was periodically measured using DCPD, to determine the rate of crack growth da/dN at a given crack length and hence ΔK over the range of ~5 to ~12MPam 0.5 .
Periodic underload spectrum
The loading spectrum used, shown in Figure 1 , was designed to promote fatigue crack acceleration and comprised a block of stress cycles, all cycling down from a constant tensile stress of 74N/mm 2 , that was repeated fifteen times to create a loop. Each block contained ten minor constant amplitude cycles, n, and one major (underload) cycle of twice the range of the CAL cycle. The relationship between the number and magnitude of minor and major cycles used has been found experimentally to produce significant crack growth acceleration [7] . The minor cycle stress range was 31.8N/mm 2 while that for the major, or underload, was 63.44N/mm 2 .
Figure 1
Constant maximum waveform with periodic underloads used in the present study.
Additional CAL crack growth tests were performed specifically to provide the constant amplitude data needed to calculate the acceleration factor, γ, defined as the crack length measured under the periodic underload spectrum/predicted crack length determined by a linear summation of CAL response. The first test was performed under the minor stress cycle of 31.8N/mm 2 with R = 0.57; here ΔK rose from 5 to17MPam 0.5 . The other test was performed at a stress range of 63.44 N/mm 2 and R = 0.14 to represent the major stress cycle in the spectrum. In this set of tests, ΔK rose from 10 to 32MPam 0.5 . The ΔK range was selected to encompass the total crack length obtained under the periodic underloading spectrum.
2.5
Crack closure
Crack closure measurements were made on the surface of a separate specimen using uniaxial electrical resistance strain gauges. Gauges were applied at 4, 8 and 12mm from the notch tip and the crack was grown until it was 1.5mm ahead of the respective gauge. A static CA cycle followed by the underload and a second CA cycle were applied and the resulting strain measurements recorded. Table 4 summarises the results of the fatigue tests performed under CAL. The degree of scatter associated with crack length versus endurance (cycles) for the two tests performed was found to be within 8.5% of one another at low ΔK and 2.5% at high ΔK, highlighting the good degree of repeatability in the tests performed.
Results
Constant amplitude loading
The coefficients in the Paris law da/dN= C(ΔK) m presented in Table 5 were determined by least squares linear regression, treating log da/dN as the dependent variable. In all cases, due to the cracks propagating from the notch tip, the first 1 to 1.5mm of crack growth was neglected from the analysis, in accordance with both BS ISO 12108-12 (2012) [18] . The coefficients determined for the additional tests based on the minor and major stress ranges, which were used to establish the resulting acceleration factor, are also presented. The data are plotted in Figure 2 . Note. Paris law constants given for da/dN in mm/cycle and ΔK in MPam 0.5 . Table 6 summarises the results of the periodic underload spectrum loading fatigue tests. As will be seen, their lives were shorter than those obtained under CAL, typically by a factor of 1.7. * This is equal to the original notch length, typically 16mm.
Periodic underloads
The measured crack growth rates due to the periodic underload sequence are given in Figure 2 . Here the CAL growth rate data in mm/cycle and ΔK in MPam 0.5 are shown along with the periodic underload growth rate data in mm/cycle and ΔK minor corresponding to the minor stress range also in in MPam 0.5 . ΔK minor was chosen on the basis that, by comparing both periodic and CAL growth rates, whilst neglecting the major stress range due to the underload, any accelerating effect produced by the periodic underload would be observed. Again, the first 1 to 1.5mm of crack growth was neglected.
It can be seen that the FCGRs for the periodic underload tests lie above the CAL data, particularly at lower ΔK where the majority of fatigue damage occurs. As ΔK increases the growth rate reduces but still remains above CAL, although the CAL data do not extend to the same maximum ΔK values. Therefore it is not possible to see whether the CAL data follow a linear path (as would be expected in the Paris regime) or whether they would curve upwards at the same point suggesting that K max is approaching K IC . Comparing the periodic underload and CAL growth rate data over the linear region, the underloads show an average increase in growth rate by a factor of between 1.56 and 1.21 at 6 MPam 0.5 and 12 MPam 0.5 respectively.
Predicted growth rates for the periodic underload sequences were derived by performing a linear summation of the growth rates from the CAL tests and are presented in Figure 3 . Periodic underloads were found to reduce the number of cycles required to produce a given crack length, the indicated difference of an average factor of 1.11 being reasonably consistent with the crack growth rate acceleration factor established in Figure 2 at high ΔK.
The crack propagation percentage rates are below the percentage decrease for total endurance, probably because of the removal of the initial 1 to 1.5mm of crack growth data and hence removal of the crack initiation period included in the endurance CAL tests. 
Crack closure
Results of the crack closure measurements are presented in Figure 4 . The onset of crack closure was assumed to correspond to the change of slope in the plot. It can be seen that this occurs at a stress value of 19N/mm 2 (R=0.26). Therefore, this indicates that the crack is fully open over a stress range of 55N/mm 2 from the constant max stress (87% of the applied underload stress range). Although not presented, the crack opening level was also recorded and was found to be similar. 
Examination of specimen fracture surfaces
The failed specimens are shown in Figures 5a-b . Fatigue cracks grew in the tensile (plane strain) mode for around half the overall crack length. However, eventually shear lips were formed, with the transition to shear mode complete at around 75% of the final crack length.
Longitudinal sections were examined under binocular microscope to establish whether crack tip branching was a contributing factor to the accelerated growth rate. However, there was no significant difference between the periodic underload and CAL specimens. A scanning electron microscope was employed to observe striations on the material fracture surface following periodic underloads at various crack lengths. Striations define the position of the advancing crack front. Consequently, the space between them is the distance propagated by the crack under the relevant applied load cycle. As is generally found, the striations were well defined in the aluminium alloy, Figure 6 . Based on da/dN for minor cycles being about double that for the major but at half the stress range, it would be expected that the extent of crack growth under 10 minor cycles would be about 2.5 times that under one major cycle. Figure 6 indicates that in fact there was greater growth than this under the minor cycles, suggesting crack growth acceleration after each underload cycle. This was further confirmed on the basis of comparison of the minor cycle crack growth and that under CAL at the same crack length, as detailed in Table 7 for specimens CCT-AL-SBL-01 and CCT-CAL-12. CCT-CAL-AL-12
* Fatigue crack growth increments were calculated using the crack growth law given in Table 5 for CAL data.
It can be seen that when considering measurements of striation spacing's for the minor stress range the results suggest a slight increase over the CAL data with increasing crack length; presumably due to load sequence effects such as the crack tip mean stress remaining more tensile than under CAL alone. When the total increment for the periodic underload test is considered, the inclusion of the major stress range shows a further increase in growth rate above that of the CAL which increases with increasing crack length. This is typically by a factor of 1.21 to 2.13 over a 26 to 46mm crack length. When comparing the calculated results, the factor increase is reduced to between 1.13 to 1.24 over the same crack lengths. This is expected again to be a result of increased crack tip mean stress due to the underload.
Discussion
Accelerated fatigue growth was observed in 6082 T651 aluminium alloy subjected to periodic underloads. The range of acceleration factors observed in this study is slightly below that found by other investigators who used the same major to minor cycles ratio and number of minor cycles per underload, spectrum shape and/or similar material [7, 19] . This could simply reflect scatter in fatigue crack growth rates or it might reflect differences in crack closure.
Growth due to 10 minor cycles
Growth due to underload
The phenomenon of crack closure has been a mechanism extensively used to account for crack growth retardation [20] [21] [22] . As the underload cycle is at R=0.14 there is potential for the possible onset of crack closure reducing the effective ΔK in that the cycle. This is confirmed by the present crack closure measurements performed which show the onset of closure occurring at around 19N/mm 2 (R=0.26). In the case of the work performed by Fleck, the underload was at R=0.5, well above that investigated here, suggesting that this is the likely cause for the slightly lower degree of acceleration observed.
A possible mechanism responsible for accelerated fatigue growth following an underload is strain hardening ahead of the crack tip caused by the major cycles [7] . Schijve [23] investigated this for 2024-T3 aluminium alloy and found that with just one underload application, fatigue cracks grew up to twice as fast as in the as-received material. It was thought that half of the acceleration effect was a result of the reduced ductility whilst the other half was related to crack closure effects.
Fleck postulated that a strain hardening argument would suggest faster growth accompanying the minor cycles after an underload. This was supported in a study on 2024-T3 aluminium alloy which, following careful measurement of striation spacing's, showed that faster growth accompanied the minor stress range cycles [24] . However, a strain hardening argument, whereby a percentage of the materials useable ductility is reduced, generally occurs by modification of the material yield strength following application of a load well above that of the applied maximum or indeed the yield stress. In the present case and that of Fleck's investigation, a constant maximum stress was used with no excursion above that level. Therefore, it would seem more likely that it is the maximum applied strain range multiplied by the singularity at the crack tip which is contributing to the acceleration effect.
Another possible mechanism is modification of the crack tip mean stress. Under CAL mean stress relaxation occurs in the reversed plastic zone at the crack tip [25] . Work performed using high-low overloads (spectrum (f), Table 1 ) established the effect of mean stress relaxation under both CAL and VAL [26] . The findings of which showed that under CAL mean stress relaxes to a compressive state, whereas under VAL it stabilized at a tensile value. Where periodic tensile under-loads are applied (as in the present case), it would seem plausible that they would further assist in maintaining a higher tensile mean stress for the subsequent CAL cycles, resulting in faster growth due to the maintained tensile mean stress. The same argument was postulated by Fleck [7] who established that observations in the subsequent crack advance of his minor cycles agreed with the trend described, although the exact control condition at the crack tip was not known.
In the present study it was also found that the accelerated growth arose from the larger crack growth increments due to the minor cycles rather than the underload, supporting both arguments for the applied strain range at the crack tip and the effect of the underload on crack tip mean stress as being contributing factors. Further work is currently ongoing to investigate the effect of crack tip mean stress under VAL.
Conclusions
Based on fatigue crack growth tests on CCT aluminium alloy specimens subjected to periodic underloads (1 underload per 10 cycles at half the underload stress), the following conclusions were drawn:
Periodic underloads were found to cause faster growth, typically 1.11 times faster, than that predicted by a linear summation of observed growth rates for tests performed under CAL conditions. This was also confirmed when comparing ΔK minor for the periodic underload data with the CAL data, where the growth rate was shown to increase by a factor of 1.56 at 6 MPam 0.5 and 1.21 at 12 MPam 0.5 . A preliminary assessment suggests that the crack growth acceleration was primarily due to an increase in the effective crack tip mean stress following the underload. Further work considering this effect is currently ongoing.
